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Axions are well motivated particles that could make up most or all of the dark matter if they
have masses below 100 µeV. Microwave cavity techniques comprised of closed resonant structures
immersed in solenoid magnets are sensitive to dark matter axions with masses of a few µeV, but
face difficulties scaling to higher masses. We present the a novel detector architecture consisting of
an open, Fabry-Pe´rot resonator and a series of current-carrying wire planes, and demonstrate this
technique with a search for dark matter axion-like particles called Orpheus. This search excludes
dark matter axion-like particles with masses between 68.2 and 76.5 µeV and axion-photon couplings
greater than 4× 10−7 GeV−1. We project that the fundamental sensitivity of this technique could
be extended to be sensitive to couplings below 1× 10−15 GeV−1, consistent with the DFSZ model
of QCD axions.
INTRODUCTION
The axion is a pseudo-scalar particle predicted as a
consequence to the Peccei-Quinn solution to the Strong
CP problem [1–4], and may comprise some or all of dark
matter [5–7]. The axion has weak coupling to the elec-
tromagnetic interaction arising at loop order, whose La-
grange density may be written compactly as
Laγγ = −gaγγa ~E · ~B , (1)
where gaγγ is the axion-photon coupling strength, a is the
axion field, and ~E, ~B are the usual electric and magnetic
fields. The expression in Eqn. 1 motivates the Axion
Haloscope technique [8] to detect dark matter axions. A
typical Axion Haloscope consists of a closed microwave
resonator immersed in a high static magnetic field, cou-
pled to a low noise microwave receiver via the lowest fre-
quency TM mode of the resonator. Dark matter axions
passing through the magnetic field can convert into pho-
tons inside the cavity with enhanced probability when an
electromagnetic resonance in the cavity is tuned to cor-
respond to the frequency of the photons produced. Dark
matter axions would be detected as excess power at this
frequency, the expression for which can be derived from
Eqn. 1 as [9]
P =
2pih¯2g2aγγρDM
m2ac
· fγ · 1
µ0
B2Vnlm ·Q . (2)
Here the ma, fγ denote the axion mass and frequency of
the converted photon respectively and ρDM ≈ 0.4 GeV/cc
is the local halo density of dark matter. The enhance-
ment in the expected axion power due to its conversion
in a resonant cavity is expressed in terms of the cavity
quality factor Q. The effective volume of the cavity for
coupling to a given resonant mode is [10]
Vnlm =
(∫
d3~x~E(~x) · ~B(~x)
)2
B2
∫
d3~x| ~E|2(~x) , (3)
where ~B(~x) is the static magnetic field and ~E is the elec-
tric field of a normal resonant mode denoted by integers
n, l, m.
Numerous experiments based on this architecture have
been constructed. Recently, the ADMX collaboration
has demonstrated that microwave cavity experiments can
be built with the sensitivity necessary to detect dark mat-
ter axions with masses in the range, 1.90–3.54 µeV [9, 11]
and coupling strength consistent with QCD predictions.
Some models, however, predict the axion mass scale to
be somewhat larger [12–14]. Work is underway to ex-
tend experimental reach to larger axion masses, but the
closed resonator detector design is difficult to extend to
masses as large as 100 µeV [15]. Physically the size
of a closed resonator must decrease in order to achieve
higher resonant frequencies. This in turn decreases both
the volume and Q of the resonator, which both limits
the sensitivity of experiments based on this architecture
and presents a serious challenge to their scalability. We
present a dark matter axion search technique which over-
comes the fundamental limitations of closed resonator ar-
chitectures at large axion masses by employing an open,
Fabry-Pe´rot resonator as the detector volume. This tech-
nique is demonstrated by a prototype experiment named
Orpheus.
DETECTOR
The Orpheus experiment consists of a half Fabry-Pe´rot
resonator containing a series of wire planes (Fig. 1) used
to generate a static, spatially varying magnetic field, as
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2FIG. 1. Model of the Orpheus experiment. The experiment
consists of a regular grid of wires braced by a pair of reflec-
tors forming a Fabry-Pe´rot resonator. The wire planes and
reflectors are supported on rails permitting the frequency of
the resonator to be adjusted with optimal alignment of the
magnetic field supplied by the wires.
described in [16], within the volume of the detector. Res-
onant modes with an electric field parallel to the mag-
netic field generated by the wire planes can couple to
dark matter axions. Comparing Eqn. 3, to the trans-
verse electromagnetic (TEM) modes of a Fabry-Pe´rot
resonator [17], it can be seen that the best coupling is
achieved with the mode that has no nodes perpendic-
ular to the axis of the resonator, and a node at every
wire plane along the axis of the resonator, so the half-
wavelength is close to the spacing between wire planes.
This way the ~E(~x)· ~B(~x) integral over the volume has the
same sign between each wire plane, and adds coherently.
We will refer to these modes as the TEM00−N modes,
where N is the number of nodes along the axis of the res-
onator. The reflectors and wire planes are supported on
independent rails, permitting the cavity and wire spacing
to be adjusted and a search to be conducted over a range
of axion masses. Power was coupled out of the detector
volume via WR62 waveguide at frequencies around 17
GHz. The mode with a half wavelength closest to the
wire plane separation, given our reflector geometry and
separation, corresponded to the TEM00−19 mode of the
resonator. The experiment was operated at room tem-
perature, and the axion search bandwidth was approxi-
mately 2 GHz.
The half Fabry-Pe´rot resonator consisted of two alu-
minum reflectors, one flat and a second with a radius
of curvature of 33 cm, each 15 cm in diameter. Crit-
ical coupling was achieved via a waveguide stub tuner
immediately following an aperture to waveguide adapter
on the flat reflector. A similar aperture existed on the
curved reflector permitting weak coupling of power into
the resonator. The unloaded Q of the TEM00−19 mode
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FIG. 2. Simulated magnetic and electric fields on-axis within
the Fabry-Pe´rot resonator. Both fields are primarily in the
vertical direction relative to Fig. 1, perpendicular to the wires
in the wire planes. The maximum magnetic field for this
experiment was 8.5 gauss, the electric field of the TEM00−19
mode is shown on same scale in arbitrary units for clarity.
was 4,500 when tuned to 17 GHz, and 11,600 at 18 GHz.
The magnetic field was generated by 8 wire frames, con-
structed from 0.32 mm diameter copper wire wound in a
plane on frames 16 cm by 15 cm. Each frame contained
two wire planes. The spacing between adjacent wires on a
single plane was 4.9 mm, and the spacing between planes
on a single frame was 9.1 mm. The interframe spacing
was adjusted by sliding the wire frames along their sup-
port rails. When energized with 3.4 A, the field within
a frame was 8.5 G and the field between frames was 3.5
G, in close agreement with simulation (Fig. 2). Optimal
placement of the wire frames inside the resonator was
achieved by adjusting their position so as to maximize
the Q of the TEM00−19 mode. This occurs when the
planes are placed at the nodes of the EM mode within
the resonator. The optimized, loaded Q of the resonator
containing the wire planes was 4,300 at 17 GHz and 7,900
at 18 GHz.
Fig. 2 illustrates the electric field of the TEM00−19
mode in the Fabry-Pe´rot resonator and the static mag-
netic field provided by the wire planes. The resonance
field profile is Gaussian in the radial direction [17]. We
numerically evaluate Eqn. 3 using the magnetic and elec-
tric field profiles in Fig. 2 and plot Vnlm as a function
of frequency for the two reflector separations in Fig. 3.
When the magnetic field is aligned with the resonance,
Vnlm is roughly the beam cross section at the center of
the resonator multiplied by the distance between the re-
flectors, independent of the resonant frequency. Unlike
closed cavity experiments, the volume of this setup can
3be easily increased by moving the reflectors further apart
and adding more wire planes.
 0
 20
 40
 60
 80
 100
 120
 140
 160
 180
 200
 16  16.5  17  17.5  18  18.5
V
ol
um
e 
(c
m
3 )
Frequency (GHz)
Interplane Spacing 9.1 mm
Interplane Spacing 8.1 mm
FIG. 3. Vnlm as defined in Eqn. 3 for two different wire frame
spacings. 9.1 mm spacing (solid) 8.1 mm spacing (dashed)
RESULTS AND ANALYSIS
The procedure for conducting a search for dark mat-
ter axions with Orpheus proceeds in a manner analogous
to that used in closed resonator architectures such as
ADMX [9, 11]. First, a network analyzer (HP Model-
8753C) was used to locate the frequency of the de-
sired resonance and determine the Q. The amplified
power spectral density across the resonant bandwidth
was then recorded with a spectrum analyzer (Agilent
Model-N9000A). Following the power measurement, a
stepper motor was used to adjust the distance between
the reflectors to change the resonant frequency by half the
resonance bandwidth. This process was repeated and the
effective volume given in Eq. 3 is shown in Fig. 3 over the
range of frequencies scanned.
An axion signal would appear as a peak in the recorded
power spectra within a bandwidth of 16.5 kHz, (the ther-
mal broadening assuming a virialized local dark matter
distribution [18]) and significance S given by
S =
P
kBT
√
t
b
, (4)
where P is the expected signal power given by Eqn. 2, t is
the signal integration time, b the signal bandwidth and T
the system noise temperature. During this experiment,
the spectral density was recorded over a bandwidth of
roughly 6.7 MHz, integrating for 4.5 seconds and binned
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FIG. 4. Axion-photon coupling gaγγ , and masses excluded
from this experiment, assuming axion-like particles make up
all of the local dark matter density. Limits from the laser-
based experiments GammeV[19] and ALPS[20], and the solar
experiment CAST[21] are shown for comparison.
into 16.5 kHz bins, and the typical tuning resonant fre-
quency step size was 3 MHz. The frequency range 16.5
GHz to 18.5 GHz was covered in roughly a week of run-
ning. The sensitivity is limited by the noise temperature
of the system, which comes from the combination of the
noise temperature of the room temperature commercial
amplifiers and the physical temperature of the resonator.
From these, allowing for some cable loss, we use the con-
servative estimate of a system noise of 1420 K. In or-
der to combine individual spectra to produce a limit on
the axion-photon coupling, gaγγ , power spectra were fit
with a 5th order polynomial to remove the broadband re-
ceiver transfer function and normalized to the measured
system noise temperature. The calibrated spectra were
then added and used to calculate the expected value of
the axion-photon coupling required to produce any ex-
cess power in a given bin, assuming an axion conversion
signal was present. An axion signal would appear as a
narrow excess of power in the otherwise flat background-
subtracted power spectra. The spectra were statistically
consistent with no axion signal, and subsequently a 95%
confidence limit is set on the axion-photon coupling over
the frequency range covered during the experiments op-
eration. The result of this search excludes dark mat-
ter axion-like particle masses between 68.2 and 76.5 µeV
with axion-photon couplings greater than 4×10−7 GeV−1
as shown in Fig. 4.
4Experiment Mass Target Frequency B Field Q Volume Noise Temperature Run Time
A 52 µeV 15 GHz 3 T 106 1× 106 cm3 750 mK 1 Year
B 103 µeV 30 GHz 3 T 106 8× 105 cm3 1.5 K 1 Year
C 207 µeV 60 GHz 6 T 106 4× 105 cm3 3 K 1 Year
D 414 µeV 120 GHz 6 T 106 2× 105 cm3 6 K 1 Year
TABLE I. Estimated parameters for axion experiments.
ACHIEVABLE SENSITIVITY OF TECHNIQUE
It is important to note that the sensitivity demon-
strated in Fig. 4 reflects the small scale implementation
of the current incarnation of the Orpheus experiment
and does not indicate a fundamental limitation of the
technique. The ultimate sensitivity is determined by the
technology used to produce the magnetic field, the qual-
ity factor and volume of the resonator, and the noise
temperature of the receiving electronics as indicated by
Eqns. 2 and 4. We now discuss the achievable values of
these parameters, and project the reach of experiments
using this technique and show that it can be sensitive
to even a pessimistically coupled axion dark matter, or
dark matter scenarios where axions do not make up all
of the dark matter. Our estimates based on relevant ex-
perimental parameters are summarized for a number of
hypothetical experiments in several frequency ranges in
Tab. I. The potential reach of such experiments is shown
in Fig. 5.
The magnetic field was limited in this experiment by
the finite conductivity of the wire used to construct the
current carrying planes. For an optimal experiment,
the magnetic fields used should be as large as possible.
Greatly increased magnetic fields can be achieved by con-
structing the planes from superconducting wires. We es-
timate that planes of wires with 0.4 mm spacing carry-
ing 470 A could support a 3 T field. Power supplies and
superconducting NbTi wire capable of supporting these
currents are commercially available. The generation of
higher magnetic fields will require finer wire spacing for
the same supplied current. Such small spacing is im-
practical to achieve with wound superconducting wire
but might be possible by employing thick film micro-
fabrication techniques. The critical current density of
Nb3Sn films have been shown to be as high 4×104A/mm2
at 6 T [22]. This field could be supported by photolitho-
graphically patterned wires with 60 µm spacing carrying
144 A.
With appropriate wire spacing and the addition of field
cancellation planes it may be possible to eliminate the
residual magnetic field within a few wavelengths of the
resonant mode. This allows the possibility of using su-
perconducting reflectors in the construction of the Fabry-
Pe´rot resonator [23], making an all superconducting im-
plementation of the architecture and attractive possibil-
ity. Such superconducting resonators have demonstrated
Q values of 5 × 109. The intervening wire planes will
decrease this somewhat by diffraction, so careful design
of the wire chamber and reflector will need to maximize
the product B2Vnlm ·Q.
The resonator length is limited fundamentally by the
axion wavelength, and practically by beam alignment,
reflector fabrication and the feasibility of maintaining a
large volume at cryogenic temperatures. As dark matter
axions are expected to be nonrelativistic, they have long
wavelengths that allow coherent interaction with detec-
tors as long as 10 m for axion masses up to 170 µeV. We
therefore assume detectors with a length scale of 10 m.
The maximum beam width will depend on the fabrication
of the reflectors, and given current fabrication technolo-
gies we estimate the beam width will scale roughly as
(50 cm)
√
10GHz
f .
Finally we consider the improvement that implement-
ing quantum noise limited superconducting amplifiers
would bring to a cryogenic experiment. Josephson Para-
metric Amplifiers (JPAs) have been operated as phase
preserving amplifiers with noise temperatures near the
quantum limit, roughly 50 mKGHz , at frequencies near 19
GHz [24]. While the uncertainty principle places a limit
on sensitivity with which a power spectrum can be mea-
sured, this restriction can be evaded provided one only
cares to measure the occurrence of an axion-photon con-
version and not its spectral density. Single photon count-
ing techniques have been demonstrated based on super-
conducting Josephson qubits at 4 GHz [25] and might be
engineered to operate at higher frequencies to the benefit
of axion experiments [26].
CONCLUSIONS
We have presented a technique applicable to dark mat-
ter axion searches in the mass range 40–400 µeV, and
demonstrated the technique with an experiment that
searches for axion-like particles in the 68.2–76.5 µeV
mass range, which is favored by some models of ax-
ion dark matter.[12] Reasonable estimates based on the
technology available, combined with the performance of
a small scale implementation, suggest that experiments
using this technique could be constructed to explore the
majority of theoretically allowed axion-photon couplings.
This work was supported in part by the U.S. Depart-
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